Introduction
Gochujang, a fermented red-pepper paste, is widely consumed as a sauce in Korea and used as a spicy seasoning in Korean cooking (1) . Gochujang is prepared by fermenting a mixture that primarily comprises red hot pepper powder, waxy rice flour, fermented soybean, and koji (1) . Gochujang has a unique sweet, savory, and pungent flavor. Gochujang has been reported to have various biological effects, such as antiobesity (2, 3) , antitumor (4), insulin sensitizing (5) , and anticancer (6) activities. The flavor and biological effects of gochujang are dependent on its primary ingredients, microorganisms, and the extent of fermentation (7, 8) . Red pepper and fermented soybeans are the major ingredients used in the preparation of gochujang; it also contains various flavorings and beneficial compounds such as capsaicin derivatives and flavonoids (9, 10) . Compounds found in the primary ingredients are metabolized by microorganisms during the fermentation process (1, 7, 8) , and the metabolites contribute to the quality, taste, and biological effects of gochujang.
Recently, in a previous study, we identified various biological compounds, including flavonoid glycosides and diterpene glycosides, in gochujang fermented by Aspergillus oryzae, which is often used to make mass-produced gochujang (11, 12) . However, various flavonoid glycosides in the primary ingredients were not metabolized during the fermentation of gochujang (13) . We also demonstrated that A. oryzae produces β-glucosidase, but its activity is strongly inhibited by the ingredients in gochujang (13) . Interestingly, fermented gochujang has a less pungent taste and is lower in capsaicin than red hot pepper. This may be related to the capsaicin metabolism during gochujang fermentation. However, gochujang capsaicin metabolites have not yet been isolated. Therefore, in our previous study (14) , to identify capsaicin metabolites produced during gochujang fermentation, capsaicin was cultured with A. oryzae in potato dextrose medium. Five capsaicin metabolites, including two new capsaicin metabolites, were identified from the capsaicin culture. Using high-performance liquid chromatography-electrospray ionization mass spectrometry (HPLC-ESI-MS) analysis, we confirmed that four capsaicin metabolites were present in gochujang. In the course of investigations the capsaicin metabolites, 11 other compounds, including a new sesquiterpene lactone (a heptelidic acid derivative), were isolated. In this study, we describe the isolation and structural elucidation of 11 compounds isolated from the capsaicin-containing culture medium metabolized by A. oryzae.
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). The detailed methods for purification of capsaicin via preparative HPLC and confirmation of its purity (≥98%) via nuclear magnetic resonance (NMR) and MS analyses have been reported previously (14) . Methanol (MeOH) used in the HPLC analysis was purchased from Fisher Scientific Korea Ltd. (Seoul, Korea), and deuterium methanol (CD 3 OD), which was used as a solvent in the nuclear magnetic resonance (NMR) analysis, containing 0.03% tetramethylsilane (TMS) was purchased from Acros Organics (Morris Plains, NJ, USA). A. oryzae (KCCM 11372) was obtained from the Korean Culture Center for Microorganism (KCCM, Seoul, Korea). Potato dextrose broth (PDB) was purchased from Difco Co. (Detroit, MI, USA) and was used to culture A. oryzae.
Incubation of A. oryzae The detailed procedure for incubation of A. oryzae with capsaicin has been reported previously (14) . Briefly, purified capsaicin (200 mg) was added to PDB (2 L), inoculated with a 5% (v/w) spore suspension of A. oryzae, and incubated for 14 days at 30 o C and 120 rpm in a shaking incubator to obtain the cultured capsaicin broth.
Extraction and purification The cultured capsaicin broth was centrifuged for 15 min at 4 o C and 890× g. The supernatant was suspended in distilled water (2 L) and extracted using 4 L of ethyl acetate (EtOAc, three times). The EtOAc fraction was evaporated under a vacuum. The concentrate was fractionated via column (3.0×80 cm) chromatography using octadecylsilane (ODS; 70-230 mesh, YMC, Kyoto, Japan) and eluted using H 2 O/MeOH (7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 0:10, v/v, each 300 mL). Each fraction obtained from column chromatography was subjected to silica gel thin-layer chromatography (TLC; silica gel 60F254, 0.25 mm thickness; Merck, Darmstadt, Germany), and the plate was developed using a mixture of EtOAc/acetic acid/chloroform (CHCl 3 ) (5:1:2, v/v/v). To group the fractions, the spots were detected using ultraviolet (UV) light (254 nm) and a 1% cerium (IV) sulfate ethanol solution spray. Fractions were purified using HPLC with a μBondapak (C18, 10 μm, 7.8×300 mm, Waters, Milford, MA, USA). The flow rate was 5.0 mL/min, and the compounds were monitored at 254 or 210 nm. The mobile phase was subjected to a MeOH gradient [10% MeOH→50% MeOH (40 min) for fraction B (15.3 mg), 20% MeOH→60% MeOH (40 min) for fraction C (11.5 mg), 40% MeOH→80% MeOH (40 min) for fraction F (8.4 mg), and 50% MeOH→80% MeOH (40 min) for fraction G (4.5 mg)].
NMR and MS analysis NMR spectra were obtained using a u n i t y
INOVA 500 spectrometer (Varian, Walnut Creek, CA, USA). The isolated compounds were dissolved in CD 3 OD, and the chemical shift was measured using TMS as an internal standard. Direct ESI-MS analyses were conducted using an ESI-MS spectrometer (SYNAPT G2; Waters).
Compound 6: C-NMR data are listed in Table 1 ; ESI-MS 
Results and Discussion
Purification and isolation Capsaicin was metabolized by A. oryzae for 14 days in PDB medium. After centrifugation, the supernatant was partitioned using EtOAc. In a previous study conducted by our group (14) , five capsaicin metabolites were isolated and identified Identification of the isolated compounds The structures of the isolated compounds were determined on the basis of NMR and MS spectroscopic data. Among them, eight known compounds were identified: 5-(hydroxymethyl)-3-furancarboxylic acid (1) (15), 3-hydroxypropanoic acid (2) (16), 5-(hydroxymethyl)-2-furancarboxylic acid (3) (17), 2-(4-hydroxyphenyl)-ethanol (4) (18), 4-hydroxybenzoic acid (5) (19), vanillic acid (7) (20), 3,4-dihydroxybenzoic acid (8) (21), and 2-furanol (9) (Fig. 2) . Compounds 1-5 and 7-9 were identified by comparing the NMR and MS spectroscopic data, as previously reported in the literature. Compounds 6, 10, and 11 were identified on the basis of one-dimensional (1D) and two-dimensional (2D) NMR and MS spectroscopic data.
The ESI-MS (negative) spectrum of 6 showed a pseudomolecular ion peak at m/z 297.
[M-H]
− . This indicates that the molecular weight of 6 is 298. The (Table 1) . Considering the 1D-NMR and MS results, 6 was suggested to be a bicycle sesquiterpene. The connectivity of 6 was further confirmed via heteronuclear single quantum correlation (HSQC), proton-proton correlation spectroscopy ( (Fig. 2, bold lines) . Long-range protoncarbon correlations were observed in the HMBC spectrum (Fig. 2,  arrows) . This indicates that 6 contained 5a,6,7,8,9,9a-hexahydrobenzoxepin-1(3H)-one and isopropyl moieties. In particular, the correlations of H-3 and H-5 to C-10 and H-12 and that of H-13 to C-6 were observed in the HMBC spectrum (Fig. 2, arrows) . This indicates that the carboxylic acid group and isopropyl moiety were connected to C-4 and C-6 of 5a,6,7,8,9,9a-hexahydrobenzoxepin-1(3H)-one, respectively. In addition, cross peaks of H-5a and H-7 to C-9, H-14/C-1/C-5, H-5/C-9a, and H-5a/C-1 appeared in the HMBC experiment (Fig. 2) . This confirmed that a hydroxymethyl group was located on C-9 of 5a,6,7,8,9,9a-hexahydrobenzoxepin-1(3H)-one. Therefore, the planar structure of compound 6 was determined to be 9-hydroxy-6- C-NMR spectra of 6 were similar to those of trichoderonic acid A coupled with a methoxyl group, which was identified from the culture medium of Trichoderma virens (22) . In the nuclear Overhauser effect (NOE) experiments performed on 6, the signals of H-11 at δ 2.11 and H-14 at δ 4.81 and 3.91 were enhanced by irradiation of H-5a at δ 2.61, and the signals of H-6 at δ 1.58 were also enhanced by irradiation of H-9a at δ 3.73. Therefore, the structure of compound 6 was determined to (5aS,6R,9S,9aS)-9-hydroxy-6-isopropyl-9-(hydroxymethyl)-1,3,5a, 6,7,8,9,9a-octahydro-1-oxobenzoxepine-4-carboxylic acid.
The molecular weight of 10 was determined to be 298 from the pseudomolecular ion peak at m/z 297. C-NMR spectra of 10 showed patterns similar to those of 6. The C-NMR spectrum, which showed a total of 15 carbon signals, including two carbonyl carbon signals at δ 170.3 (C-1) and 179.6 (C-14) and two quaternary carbon signals at δ 135.1 (C-2) and 76.4 (C-7). In addition, the accurate planar structure of 10 was obtained via HSQC, C-NMR spectra of 11 were also very similar to those of 6, except for the presence of a methoxyl group [δ 3.39 (3H, s) in the 1 H-NMR spectrum and δ 59.8 in the 1 3 C-NMR spectrum]. On the basis of the MS and 1D-NMR data, 11 was suggested to be trichoderonic acid A. The planar structure of 10 was confirmed via HSQC,
H COSY, and HMBC experiments. In particular, a correlation between the methoxyl proton signal at δ 3.39 (3H, s) and methylene carbon signal at δ 74.8 (C-14) was detected in the HMBC spectrum (Fig. 2) . The C-NMR spectra of 11 were consistent with those of trichoderonic acid A. This was identified from the culture medium of T. virens (22) . Therefore, 11 was unambiguously identified as trichoderonic acid A.
In this study, 11 compounds (1-11), except the capsaicin metabolites, were isolated from the culture medium of A. oryzae incubated with capsaicin (Fig. 2) . A low molecular organic acid (2), three furan derivatives (1, 3, and 9), four phenolics (4, 5, 7, and 8), and three sesquiterpenes (6, 10, and 11) were identified. To the best of our knowledge, this is the first time 6 has been identified in nature. Several studies have implicated that organic acids and phenolics are produced by microorganisms (24) (25) (26) . Furan aldehyde compounds such as furfural and 5-hydroxymethylfurfural are present in many foods and determine the flavor properties (27) . They are produced via nonenzymatic reactions during the manufacturing of heated foods, such as canned foods and roasted foods (27) . Moreover, furan compounds, including furan aldehydes, are metabolized to various furanoic acid derivatives by microorganisms (28) . Compound 8 is also found in gochujang fermented by A. oryzae (11) . These observations suggest that compounds 1-5, 7, and 8 identified in this study may be produced by A. oryzae; however, some compounds such as the furan derivatives (1, 3, and 9) may be present in heattreated media. Previous studies have been reported that 2-(4-hydroxyphenyl)-ethanol (4, tyrosol) has diverse biological effects, such as antioxidant, anti-inflammatory, and anti-apoptotic activities (29, 30) , and p-hydroxybenzoic acid derivatives (5, 7, and 8) also show various bioactivities such as antioxidant, antibacterial, anticancer, and anti-inflammatory activities (31) . Therefore, compounds 1-5, 7, and 8 are expected to provide information useful for controlling the quality, safety, and biological activity of gochujang.
Three sesquiterpenes (6, 10, and 11) identified in this study are heptelidic acid derivatives. Compounds 10 and 11 have been found in the culture of fungi, such as Xylaria sp. and T. virens (22, 23) , thereby suggesting that 11 is synthesized by methylation of 6. In addition, heptelidic acid derivatives have been reported to have various biological effects, such as anti-apoptotic (32), anticancer (33) , and antimalarial (34) activities. The three heptelidic acid derivatives (6, 10, and 11) may be produced by A. oryzae as secondary metabolites and may act as bioactive compounds in gochujang fermented by A. oryzae. Therefore, these heptelidic acid derivatives (6, 10, and 11) in gochujang fermented by A. oryzae for 30 days were quantified via HPLC-ESI-MS using the isolated compounds as external standards. However, the heptelidic acid derivatives (6, 10, and 11) were not detected in gochujang (data not shown). Possible explanations are as follows. (1) Heptelidic acid derivatives may not be produced by A. oryzae during the fermentation of gochujang because it is a high-viscosity paste containing a mixture of primary ingredients such as red hot pepper powder, waxy rice flour, fermented soybean, and koji. (2) Although heptelidic-acid-derivative biosynthesis-related enzymes may be secreted from A. oryzae during the fermentation of gochujang, their concentrations and enzymatic activities may be lower than those in PDB culture. Therefore, A. oryzae may slowly synthesize heptelidic acid derivatives during the fermentation of gochujang. Further studies on the behavior of heptelidic acid derivatives in gochujang during long-term fermentation by A. oryzae are required.
